A critical concern in the debate over the importance of sexual selection in plants is whether the nonrandom mating demonstrable in greenhouse crosses can occur in the field. Field populations likely experience smaller and more variable pollen load sizes than those that have been used in many greenhouse experiments. Therefore, we performed a greenhouse experiment in which we varied both pollen load size and composition in wild radish, Raphanus sativus, and examined the paternity of seeds. We used five maternal plants and four pairs of pollen donors. We were able to produce pollen loads of 40, 118, and 258 grains per stigma. The smallest of the pollen loads was scant enough to result in a slight, but significant reduction in seed number per fruit. While variation in pollen load composition significantly affected the proportions of seeds fathered by different donors, variation in pollen load size did not. The relative performance of different donors was constant across pollen load sizes, suggesting that, for this species, differential performance of pollen donors can occur at pollen load sizes that are likely to occur in field populations.
The hypothesis that sexual selection can be an important evolutionary force in plants has generated both interest and controversy. The possibility is interesting because sexual selection has been a powerful force in the evolution of animal behaviors and morphologies (e.g., Andersson, 1994) . If this force has been equally powerful in plants, our explanations of the evolution of plant reproductive characters must consider sexual selection. There is also interest in sexual selection in plants because the opportunity for differential pollen donor success could be present whenever there are more pollen grains available than are necessary to fertilize all of the ovules. However, despite this interest (e.g., Mulcahy, 1974 Mulcahy, , 1979 Charnov, 1979; Willson, 1979 Willson, , 1982 Willson, , 1990 Stephenson and Bertin, 1983; Willson and Burley, 1983; Queller, 1983 Queller, , 1987 Snow, 1994) , the possibility of sexual selection in plants remains controversial (e.g., Charlesworth, Schemske, and Sork, 1987; Lyons et al., 1989; Grant, 1995) . One important source of controversy is concern over whether tests of differential pollen donor performance in the greenhouse can translate to the field.
Comparisons of field to experimental conditions are particularly essential to understanding the most frequently studied mechanism of sexual selection in plants, pollen competition. We might expect that the amount and importance of pollen competition will vary with pollen load size (Mitchell, 1997) . At very low levels of pollen availability there may be no pollen competition because virtually all pollen grains will fertilize ovules. Once a threshold of pollen grain number is reached and not all pollen grains can fertilize ovules, pollen competition (and mate choice) can become important. However, at very high pollen loads, the amount of pollen competition 1 Manuscript received 22 October 1999; revision accepted 1 February 2000. The authors thank J. Graves and T. Oberding for assistance in data collection. Financial support was provided by the Potter Chair for Plant Ecology and NIH Bridges to the Baccalaureate Grant (1R25 GM53405-01A1) to Albuquerque Technical Vocational Institute and the University of New Mexico.
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might not increase further if the stigma is already saturated with pollen (Mitchell, 1997) . Since the size of pollen loads on stigmas might vary considerably in the field, the opportunity for pollen competition might vary as well (e.g., Snow, 1986 ). In fact, attempting to affect the amount of pollen competition by varying pollen load size has been a critical feature of many studies that sought to test the connection between pollen competition and plant fitness. These studies assume that increasing pollen load size will increase pollen competition and that more intense pollen competition will produce more vigorous progeny. The latter assumption is reasonable because of the high level of similarity of gene expression in pollen tubes and growing seedlings (e.g., Willig, Basche, and Mascarenhas, 1988; Ottaviano and Mulcahy, 1989; Mascarenhas, 1990; Hormaza and Herrero, 1992) . However, when pollen competition has been altered by variation in pollen density, effects on offspring vigor have been mixed (e.g., Ter-Avanesian, 1978a, b; Mulcahy and Mulcahy, 1975; Ottaviano, Sari-Gorla, and Arenair, 1983; Lee and Hartgerink, 1986; Stephenson, Winsor, and Schlichting, 1986; Winsor, Davis, and Stephenson, 1987; Davis, Stephenson, and Winsor, 1987; Ottaviano, Sari-Gorla, and Villa, 1988; Ramstetter and Mulcahy, 1988; Bertin, 1990a; Snow, 1990 Snow, , 1991 Richardson and Stephenson, 1992; Quesada, Winsor, and Stephenson, 1993, 1996a, b; Palmer and Zimmerman, 1994; Bjorkman, 1995; Johannsson and Stephenson, 1997; Mitchell, 1997; Niesenbaum, 1999) .
Results may vary for several reasons. First, selection during mating need not directly affect offspring vigor. Finding that varying the pollen competitive regime does not alter resulting progeny vigor might simply mean that the genes affecting mating behaviors, such as pollen tube growth and ability to fertilize seeds, are not strongly correlated with the genes affecting seedling growth. Second, interpretation of progeny growth may be complicated by maternal effects since ovules that are fertilized early, by fast-growing pollen tubes, may be differentially provisioned by the maternal plant (Charlesworth, 1988; Delph, Weining, and Sullivan, 1998) . Third, in some cases the pollination treatments used might not have provided [Vol. 87 AMERICAN JOURNAL OF BOTANY sufficient variation in the pollen competitive regime (e.g., Snow, 1990; Mitchell, 1997) .
An alternative to varying pollen load size and examining progeny growth is to use genetic markers to detect the paternity of seeds. In these studies, mixtures of pollen are applied to stigmas and the numbers of seeds sired by various pollen donors are counted. This allows direct detection of differences in seed siring ability and studies of this sort have frequently revealed variation among pollen donors in their performance across an array of females (Marshall and Ellstrand, 1986, 1988; Bertin, 1990b; Cruzan, 1990; Young and Stanton, 1990a; Marshall, 1991 Marshall, , 1998 Rigney et al., 1993; Snow and Spira, 1991, 1996; Bjorkman, Samimy, and Pearson, 1995; Mitchell and Marshall, 1998) . However, these studies also have limitations. Depending on the number of genetic markers available and the cost of scoring them, the number of pollen donors per cross can be quite limited. Often a non-random set of pollen donors must be chosen to facilitate use of genetic markers. And, in many of these studies, including our own (e.g., Marshall and Ellstrand, 1986, 1988; Marshall, 1991 Marshall, , 1998 , the pollen loads used were fairly large. This ensures that pollen competition is possible, but does not allow us to make broad generalizations about the significance of pollen competition in the field.
One solution to the problems presented by the two sorts of methods is to combine them into single experiments. For example, it would be very useful to know the range of pollen load sizes over which differential pollen donor performance occurs. However, empirical studies of the effects of both size and composition of pollen loads on seed paternity are surprisingly few.
There is some evidence that variation in pollen donor success can occur at a range of pollen load sizes. Altering pollen availability by diluting pollen of Douglas-fir had no effect on the proportion of seeds sired by different donors, suggesting that nonrandom mating was consistent across the range of pollen dilutions used (Nakamura and Wheeler, 1992) . And, attrition of pollen tubes occurred at a similar rate across several pollen load sizes in Prunus avium (Hormaza and Herrero, 1996) . This suggests that any differential pollen tube growth was similar across the pollen load sizes used. In contrast, comparison of success of pollen from different morphs of Eichhornia paniculata showed that success of pollen from the appropriate morph varied with pollen load size for two of three morphs (Cruzan and Barrett, 1996) . While this is a mechanism that favors outcrossing rather than a form of sexual selection, it is a case where pollen donor performance varies with pollen load size. Clearly, further studies that vary both pollen load size and composition are needed to document the range of conditions under which sexual selection might occur in plants.
Our previous studies of Raphanus sativus have shown that pollen donors sire unequal numbers of seeds when large, mixed pollen loads are applied to stigmas (Marshall and Ellstrand, 1986, 1988; Marshall, 1991 Marshall, , 1998 Marshall and Fuller, 1994) and that differential mating success is consistent across maternal plants (Marshall, 1998) . Most of our experiments were done in the greenhouse with large pollen loads and our single experimental garden study also used large pollen loads (Marshall and Fuller, 1994) . Thus, it has become increasingly critical to ask whether the nonrandom mating we have observed can occur over a wide range of pollen densities.
Here, we report on an experiment with the California wild radish in which we varied both the size and composition of pollen loads and addressed four questions. The first two were methodological prerequisites. (1) Were we able to produce pollen loads of significantly different sizes? (2) Were the smallest pollen loads small enough to limit competition? The final two questions concern the impact of variation in pollen load size. (3) Did nonrandom mating success among pollen donors occur over a range of pollen load sizes and compositions? (4) Did the range of pollen load sizes and compositions over which differential pollen donor success occurred include the kinds of pollen loads that are likely to occur in the field?
MATERIALS AND METHODS
The species-Raphanus sativus L. is a weedy annual found in abandoned fields and along roadsides in California, where plants germinate with the onset of winter rains and flower and fruit from January until late spring, or summer in wet years. Plants are visited by an array of pollinators including honeybees, syrphid flies and lepidoptera (Kay, 1976; Stanton, 1987a, b; Stanton and Preston, 1988; D. Marshall, personal observation) . This variety in pollinator service likely leads to a range of pollen load sizes in the field.
Study of the wild radish mating system is facilitated by several characteristics. Plants have sporophytic self-incompatibility (Sampson, 1957; Hinata and Nishio, 1980; Pundir, Abbas, and Al-Attar, 1983 ). Thus, self-fertilizations do not complicate studies of seed paternity. Fruits are multiseeded, making multiple paternity of fruits possible. Flowers are numerous so that crosses can be repeated on each plant sufficient times to ensure accuracy. Seed mass, ϳ10 mg, is large enough that individual seeds can be weighed precisely and genotyped without germination. Wild radish also has high levels of isozyme polymorphism, making paternity analysis of seeds possible (Ellstrand, 1984; Marshall, 1985a, b, 1986; Devlin and Ellstrand, 1990) .
Results from our greenhouse study can be compared to field populations because field plants typically have the opportunity for differential pollen donor success. Most field-collected fruits have seeds sired by several donors (Ellstrand, 1984; Ellstrand and Marshall, 1986; Ellstrand, Devlin, and Marshall, 1989) , and this multiple paternity of fruits probably results from deposition of mixed pollen loads through pollen carryover rather than from sequential deposition of pollen from several donors (Marshall and Ellstrand, 1985) . Field studies also indicate that, while prepollination characters such as flower size affect mating, final seed paternity cannot be explained solely by prepollination events (Stanton et al., 1992) .
Experimental design-In order to select a set of plants for which the experiment was possible, we started by planting seeds from 100 maternal families. Of these 96 families were from fruits collected in the field near Riverside, California, USA. The other four families were from greenhouse crosses that were know to carry a rare allele of PGI (phosphoglucose isomerase). We started with three radish seeds per 21-cm pot. Seeds were pretreated for 1 h with a 40 mg/mL solution of giberellic acid and planted into a soil mixture consisting of 4:1:1 sand:peatmoss:perlite. Throughout the rest of the experiment plants were watered 1-3 times daily and fertilized twice weekly with Peter's 20:20:20 fertilizer and once weekly with micronutrients.
Plants were next screened in several ways to allow selection of a set of maternal plants and pollen donors for continued use. As soon as plants had more than one true leaf, tissue was collected and the PGI phenotype of each plant was scored by starch gel electrophoresis (Ellstrand, 1984) . All plants that were homozygous for any allele of PGI were retained while all heterozygotes were discarded. Where more than one homozygote was available per pot, plants were transplanted so that each pot contained only one plant. Next, three flowers per plant were scored for pollen viability using Alexander's stain (Alexander, 1980) , and a group of potential pollen donors with at least 95% pollen viability was selected for compatibility testing. We next chose several potential maternal plants for their size and general health and tested potential pollen donors for compatibility. Crosses were considered compatible if pollen from the donor could sire multiseeded fruit on the target maternal plant. Based on consideration of PGI phenotype, pollen viability, compatibility, and general health, five maternal plants and four pairs of pollen donors (a total of eight pollen donors) were selected. These plants all came from different maternal lineages, all of the pollen donors were compatible with all of the maternal plants, and within each pair of pollen donors, the two donors had different, homozygous PGI phenotypes. The remaining plants were discarded.
Each of the pollen donor pairs was used in the following crosses on each maternal plant: three pollen load sizes (low, medium, and high) and three ratios of pollen types (4:1, 1:1, and 1:4). Varying pollen load size should alter the opportunity for pollen competition and varying ratio of pollen types provides a wider range of competitive situations. Each cross was replicated five times for a total of 900 crosses (5 maternal plants ϫ 4 pollen donor pairs ϫ 3 load sizes ϫ 3 ratios ϫ 5 replicates). Note that all pollinations used mixed pollen loads. The ratios of pollen types were made by altering the number of flowers from which pollen was collected. For 1:1 mixes, we used two flowers from each donor and for 4:1 and 1:4 mixes we used four flowers from one donor and one flower from the other donor in a pair. Because these mixtures are based on flower number, which it was possible to count for each mixture, and not on actual pollen grain number, which it was not possible to count for each mixture, differences in pollen grain production per flower altered the actual ratios of pollen grains in each pollen load.
Pollen loads were applied using metal applicators of three different sizes: a number 0 insect pin for small loads, a piece of 22 gauge copper wire for medium loads, and a piece of baling wire (14.5 gauge) for large loads. Pollen was collected into small petri dishes and mixed. The pollen applicator was brushed through the pollen and tapped on the side of the petri dish. The tip of the applicator was then touched once to the stigma of a recipient flower. Recipient flowers were emasculated prior to pollination. Considerable practice resulted in very accurate pollen load sizes and, at several points in the experiment, additional test flowers were pollinated and scored for pollen load size to maintain accuracy. Pollen load sizes on stigmas were counted by collecting stigmas, staining with Alexander's stain (Alexander, 1980) , and scoring under a compound microscope. Counts of pollen grains on unpollinated stigmas of emasculated flowers (mean ϭ 22 grains/stigma) were used to correct the pollen load sizes.
To be able to consider differential pollen production in some of our analyses, we counted and measured the number of pollen grains per flower. Five nearly open buds were collected from each pollen donor on one date near the end of the experiment. These buds were dried in microcentrifuge tubes, pollen was loosened by sonicating in a small amount of ethanol and Tween 80 (a surfactant), the solution was diluted to 20 mL with saline solution, and four subsamples from each flower were counted using our Elzone model 280pc (Particle Data, Inc., Elmhurst, Illinois, USA) particle counter. The four subsamples were averaged for analysis. In retrospect, it may have been preferable to collect the buds for pollen counts at intervals during the experiment. However, the crosses were completed in 37 d, during which time the plants were in excellent condition. The pollen donors were well watered and fertilized and did not senesce during this period. And, in a different experiment, pollen was counted for 300 plants on two dates, 33 d apart. Pollen grain production per flower on those two dates was not significantly different (P Ͻ 0.24).
Once fruits matured, they were collected and opened to score the following data: number of seeds per fruit, number of aborted seeds per fruit (seeds that were very small, dark brown and wrinkled), and mass of each seed (to the nearest 0.01 mg). Then the PGI phenotype of each seed was scored by starch gel electrophoresis in order to ascertain the paternity of each seed from each hand pollination; 4938 seeds from 848 fruits were successfully weighed and scored for paternity.
Data analysis-To address whether we had produced significant variation in pollen load size, we performed an analysis of variance on the number of pollen grains per stigma in test pollinations, performed throughout the experiment. Pollen grains/stigma was the dependent variable and pollen load size the independent variable.
To discover whether we had produced a useful range of pollen load sizes, we asked whether individual seed size, number of good seeds per fruit (defined as total seed number per fruit minus the number of aborted seeds), and total seed mass per fruit varied with pollen load size. Total seed mass per fruit was calculated as mean seed mass ϫ seeds/fruit. We used number of good seeds per fruit rather than total number of seeds per fruit to control for the possibility that some of the aborted seeds might not have been fertilized. However, whether we used good seeds per fruit or total seeds per fruit did not affect the results of the analyses described below.
The three measures of female reproductive success were the dependent variables in analyses of variance where maternal plant, pollen donor pair, pollen load size, ratio of the two pollen types in each pollination, and their interactions were the independent variables. Since maternal plants and pollen donors were selected for particular characteristics, all variables were treated as fixed Since we tested three, related variables, significance levels were adjusted with a sequential Bonferroni correction (Rice, 1989) . If we were able to produce pollen loads small enough that not all ovules were fertilized, we expected to find that the number of good seeds per fruit decreased significantly with pollen load size. Compensation in seed mass might result in an opposite effect on individual seed mass. We also did a separate one-way ANOVA for the effect of pollen load size on the number of good seeds per fruit for each of the five maternal plants. In this case, significance levels for testing our hypothesis were adjusted for the five plants used with a sequential Bonferroni correction (Rice, 1989) .
We used ANOVAs to assess whether pollen load size and ratio of pollen types affected seed paternity. We compared seed paternity among categories by examining the number of seeds per fruit sired by each pollen donor in a pair. Because seed paternity was scored for each seed, our initial data set had one line of data for each seed. However, crosses were done on flowers rather than seeds, so we wanted to analyze the results of crosses at the same level (the mature fruit). Therefore, we calculated the number of seeds sired in each fruit pollinated for the each of two pollen donors in a pair. This produced a data set that contained two lines of data for each fruit, one line for the number of seeds sired by each donor. Number of seeds sired per fruit by pollen donors was then used as the dependent variable in analyses of variance where maternal plant, pollen donor, pollen load size, ratio of pollen types and their interactions were used as independent variables. As described above, all variables were treated as fixed. These analyses were performed separately for each pair of pollen donors. For this reason, significance levels were corrected for the four tests of each hypothesis by a sequential Bonferroni correction (Rice, 1989) . We used the fruit as the level of analysis since each cross produced one fruit.
Finally, we addressed whether pollen production per flower had an impact on seed paternity. First, we used ANOVAs where pollen donor was the independent variable and pollen grains per flower was the dependent variable to ask whether the mean number of pollen grains per flower differed among the pollen donors in each pair. Next, we compared observed seed paternity to expected seed paternity as calculated from pollen production. Thus, for the two donors in a pair, we calculated the proportion of pollen that each would contribute to a pollen mix based on their average pollen production per flower. These proportions were used to calculate expected seed paternity. Expected seed paternity was compared to observed seed paternity by means of chisquare tests.
RESULTS
Variation in pollen load size-Our pollination techniques produced significant differences in mean pollen load size among the treatments (F 2,69 ϭ 118.61, P Ͻ 0.001). The means and standard errors of the low, medium, and high pollen load sizes were 40.3 Ϯ 6.6, 117.6 Ϯ 11.1, and 258.5 Ϯ 11.9, respectively. Each mean is calculated from a sample size of 24 test pollinations and all three pollen load sizes are significantly different from each other in pairwise comparisons (Tukey's studentized range tests, P Ͻ 0.05). Although there was some variation within treatments, the pollen load treatments were quite effective as they accounted for the bulk of the variation in the number of pollen grains on stigmas (r 2 ϭ 0.77). These pollen load sizes fell well within the range observed in a field populations near Davis, California. In those popu- **** P Ͻ 0.0001; *** P Ͻ 0.001; ** P Ͻ 0.01; * P Ͻ 0.05. lations, mean pollen load size was 112 Ϯ 102 grains per flower (Young and Stanton, 1990b) and stigmas were quickly saturated with the 90 grains that were considered necessary for pollen competition to occur (Ashman, Galloway, and Stanton, 1993) .
Pollen load size vs. seed set per fruit-The pollen load sizes we achieved appear to have been in a meaningful range since mean number of good seeds per fruit differed significantly among pollen load sizes (Tables 1 and 2 ). The pattern of means is as expected if the lowest pollen loads were too small for complete seed set since the number of good seeds per fruit was less for the low pollen loads than for the medium or high pollen loads.
Overall, individual seed mass did not vary significantly among pollen load sizes, but the differences among means approached significance (Table 2) , and the trend in seed size suggests the potential for some compensation in seed mass when seed number per fruit is reduced (Table 1) . Despite this slight compensation in individual seed mass, total seed mass per fruit was significantly greater after pollination with high pollen loads, reflecting the larger number of seeds per fruit (Table 1) .
Although we tested for differences in female reproductive success as a function of all of the variables in the experiment, few additional significant differences were observed. Mean individual seed mass, number of good seeds per fruit, and total seed mass per fruit all differed significantly among maternal plants as we have seen in most of our studies of wild radish ( Table 2 ). The effect of pollen donor pair on individual seed mass approached significance, suggesting paternal effects on seed size and that this effect differed among maternal plants ( Table 2 ).
The differences in the number of good seeds per fruit among maternal plants have consequences for the interpretation of the experiment since plants that set fewer seeds per fruit, perhaps due to reduced ovule number, may need fewer pollen grains for full seed set. Because of this possibility, we also examined the effect of pollen load size on seed number per fruit for each of the five maternal plants. In dividing the total sample by five, we reduced our power to detect significant effects of pollen load size. Nonetheless, low pollen loads resulted in significantly reduced seed set per fruit on two of the five plants considered individually (Table 3) . These two plants, A and E, were the maternal plants with the greatest number of seeds per fruit. Two of the other plants, B and C, showed trends in the expected direction, seed set tended to be lower for the low pollen loads. However, for plant D, the plant with the lowest mean seed set per fruit, there was no tendency for low pollen loads to produce fewer seeds per fruit. Thus, our lowest pollen load was adequate to reduce seed set on most of the plants, but not on the plant with the fewest seeds per fruit. Seed paternity-Electrophoresis of the seeds from these crosses revealed that all four pollen donor pairs produced nonrandom seed paternity (pollen donor effect in Table 4 ; Fig. 1 ). Although the absolute difference in number of seeds sired per donor was larger in some pairs than in others, differences in the number of seeds sired per fruit (Table 4 ; Fig. 1 ) were significant for all four pairs of donors. There were also significant maternal plant by pollen donor and significant maternal plant by pollen donor by ratio effects on the number of seeds per fruit (Table 4) indicating that the ability of pollen donors to sire seeds differed somewhat among maternal plants. However, in every case, these effects were smaller than the effects of pollen donor and they were never large enough to mask the overall effect of pollen donor identity.
Pollen load size did not affect the number of seeds sired per fruit for each pollen donor in a pair (pollen donor ϫ pollen load size effect in Table 4 ; Fig. 2) . None of the other interaction effects that might have hinted at an effect of pollen load size on seed paternity were statistically significant. And, interestingly, although the overall data set showed that number of seeds per fruit differed significantly among pollen load sizes, that effect was not apparent when the data were analyzed separately for each pair of pollen donors (pollen load size effect in Table 4 ).
Number of seeds sired per fruit and number of seeds sired overall by each pollen donor in a pair differed significantly depending on the ratio of pollen types applied (pollen donor ϫ ratio effect in Table 4 ; Fig. 3) . However, relative abundance of the two types of pollen did not completely explain seed paternity. This is shown by the significant effects of pollen donor identity on number of seeds sired per fruit in a model that included both ratio of pollen types and pollen donor identity (Table 4) .
The ANOVAs also revealed a significant maternal plant effect on number of seeds sired per fruit (Table 4) . However, the maternal plant effect alone simply indicates that maternal plants have different mean seed set, as was revealed in Table 1 .
Pollen production-Although average pollen grain production per flower varied from a high of 110 000 grains per flower for donor H to a low of 58 390 grains per flower for donor E, there was a significant difference in pollen grains per flower among the donors of a pair only for pair 3 (Table 5) . However, the sample size for testing differences in pollen production was modest (five flowers per plant) and we did not want to discount potential mechanisms for differences in pollen donor performance. Therefore, we considered whether adjusting expected seed paternity for pollen production per flower explained differences in seed siring ability among pollen donors for all four pairs of donors (Table 6 ). For pairs 1 and 2, seed paternity differed among pollen donors even when pollen production was considered. However, for pairs 3 and 4, differences in pollen grain production per flower appear to be the source of the differences in number of seeds sired since ob-[Vol. 87 AMERICAN JOURNAL OF BOTANY Fig. 1 . Number of seeds sired per fruit for each pollen donor (labeled Donor) in four pairs of pollen donors (labeled Donor pair) on five wild radish plants across all pollen load sizes and ratios of flowers used. All crosses were made using a mixture of pollen from the two donors in a pair. All pairs of donors showed significant differences in number of seeds sired per fruit (Table  4) . Within pairs of pollen donors, values that share superscripts are not significantly different in Tukey's studentized range tests (P Ͼ 0.05) Fig. 2 . Effect of pollen load size on the percentage of seeds sired within fruits. The percentage of seeds sired per fruit by one pollen donor from each pair of donors (labeled Donor pair) is shown at high, medium, and low pollen load sizes (labeled Load size). Because there were exactly two pollen donors in each pollination, the performance of the second pollen donor in each pair would be the reciprocal of the results shown here. We show percentage of seeds sired per fruit rather than number of seeds sired per fruit because of the significant differences in total number of seeds per fruit among pollen load sizes. There were no significant differences in pollen donor performance among pollen load sizes as tested by ANOVA in seed set per fruit (Table 1). served and expected seed paternity are not significantly different when pollen production is taken into account.
DISCUSSION
In order to understand whether sexual selection is likely to occur in field populations of plants, it is important to understand the range of conditions under which differential pollen donor performance is possible. In particular, we expect that pollen load sizes may be quite variable in the field and at very small pollen load sizes, seed paternity might be random.
To test whether small pollen load sizes might reduce differences in pollen donor performance, it was first necessary to produce pollen loads of significantly different sizes. We were able to produce pollen loads ranging from 40 to 258 grains per stigma using a variety of pollen applicators. Second, it was essential to produce small pollen loads that were sufficiently small to reduce the potential for pollen competition (Mitchell, 1997) . Our data on seed set per fruit indicate that it is likely we accomplished this goal. Looking across all five maternal plants, the smallest pollen loads produced fruits with significantly fewer seeds. However, the smallest pollen loads may not have been quite small enough to prevent microgametophye competition in plants with low mean seed set per fruit. The maternal plant with the lowest mean seed number per fruit did not have a reduced seed set at the small pollen load size. Thus, we likely produced diminished pollen competition on most, but not all, of our maternal plants. Since the inclusion of plant D, the plant that did not have any reduction in seed set at the low pollen load, might have biased our results, we removed the data for plant D and repeated the analyses of seed paternity. The results of the new analysis were the same as in the analysis of the full data set.
Our examination of seed paternity indicated that differential seed siring success among pollen donors occurred over the entire range of pollen load sizes and compositions that we studied. We expected to find that ratio of pollen types within a pollen load would alter seed paternity as we had found the same result in our earliest work with wild radish (Marshall and Ellstrand, 1986 ). Yet, even though ratio of pollen types had a strong effect on seed paternity, it did not mask the effect of pollen donor identity.
The observation that the difference in ability to sire seeds between competing pollen donors was unaffected by pollen load size is new and somewhat surprising given the range of pollen load sizes that we used. This suggests that nonrandom seed paternity can occur over a wide range of conditions.
The mechanism by which differential seed paternity was produced appears to be clear in two cases. For two of the pairs of pollen donors, differences in pollen grain production per flower appear to be the strongest effect on seed paternity. However, for the other two pollen donors, aspects of pollen quality or the interaction between growing pollen tubes and stylar tissue must have effects on seed paternity. This confirms our previous observations that pollen production per flower Fig. 3 . Effect of ratio of flowers used to make mixes of pollen from two donors on seed paternity. The number of seeds sired by one pollen donor from each pair of donors (labeled Donor pair) is shown for ratios of flowers used (labeled Ratio) of 4:1, 1:1 and 1:4 for pollen from the donor displayed and the other donor in the pair. There were significant differences in pollen donor performance that depended on the ratio of pollen types applied for all four pairs of donors as tested by ANOVAs comparing seed set per fruit (Table  1) . can be an important pollen donor characteristic, but that it is not the only difference among pollen donors that affects their ability to sire seeds (Marshall, 1991 (Marshall, , 1998 . In fact, it seems remarkable that pollen donor E of pair 3 sired seeds at all under some of the conditions. Given its low pollen production relative to donor F, in the crosses where the ratio of flowers used was 1:4 for E:F and the pollen load was small (about 40 grains per stigma), donor E would have had, on average, only five pollen grains in a pollen load, yet it still sired some seeds. The effect of differential pollen production in the field would depend on the correlation between number of pollen grains produced and number of pollen grains delivered to compatible stigmas. Although the difference in pollen production per flower among donors was an unplanned aspect of the experiment, it does not alter our interpretation of the consequences of variation in pollen load size. The effect of the variation in pollen production was to alter the actual ratios of pollen applied from that estimated by the number of flowers used per pollen donor per cross. However, the pollen load sizes were not affected and for every pair there were pollen loads in which each donor had the most or least abundant pollen. Our primary conclusion about the effect of pollen load size on seed paternity is unaffected. Neither pollen load size by ratio nor pollen donor by pollen load size by ratio effects on seed paternity approached significance. The F values were uniformly low across the pollen donor pairs (Table 4) . And, the effect of pollen load size on seed paternity was small, nonsignificant, and showed no intriguing trend in all four pollen pollen donor pairs whether or not differential pollen production was an important source of variation in seed paternity.
Since seed paternity was unequal at pollen load sizes as low as 40 pollen grains per stigma, it seems likely that pollen loads in the field would often be sufficient to produce differential pollen donor success. In fact mean pollen load size for populations near Davis, California (112 Ϯ 102 grains per flower) was considerably larger than our smallest pollen load size. Here, we show that nonrandom seed paternity occurs across a range of pollen load sizes and that, in fact, differential pollen donor success occurs well below the reported mean pollen load size in the field. Of course, our seeds came from a different location in California, but the types of pollinators that visit plants are quite similar (D. Marshall, unpublished data).
Our observation of nonrandom seed paternity across a range of pollen load sizes may help to explain the disparate results seen in previous experiments. Earlier work with the closely related R. raphanistrum showed that progeny of pollen loads that were small (60 grains per stigma) and large (300 grains per stigma) did not differ in early growth characters (Snow, 1990) . These results were used to suggest that pollen competition did not play an important role. However, our study sug-[Vol. 87 AMERICAN JOURNAL OF BOTANY gests that seed paternity may have been nonrandom at both of those pollen load sizes.
In reviewing studies of the relationship between pollen load size and progeny growth, Mitchell (1997) pointed out that studies which failed to find such a relationship may not have had sufficiently small pollen load sizes to eliminate pollen competition. Our results support that interpretation and suggest caution in interpreting the outcome of pollination with small pollen loads when seed paternity has not been measured.
While our observation that seed paternity is nonrandom after pollination with quite small pollen loads is novel, the results leave several important questions unanswered. First, our smallest pollen loads were not quite small enough to reduce seed set on all of the maternal plants. Thus, we are developing techniques to apply even smaller amounts of pollen. Second, the number of maternal plants and pollen donors studied was modest. We are planning larger studies. Third, measuring only seed paternity and not offspring growth does not allow us to directly compare our work to the previous studies that evaluated pollen competition by growing progeny. To bridge this gap we need to measure seed paternity and examine offspring growth. Fourth, using only two pollen donors per cross is convenient for experimental design and electrophoresis. However, we know that wild radish plants in the field can have at least four mates per fruit (Ellstrand, 1984; Ellstrand and Marshall, 1986) . With more pollen donors, the number of pollen grains of the most competitive donor may be quite few in a small load and that donor may sire few seeds (Cruzan and Barrett, 1996) . To test for this possibility, we need to use some small pollen loads with a larger number of donors. Finally, while we have discussed our experiment in terms of altering the opportunity for microgametophyte competition, changing pollen load size alters the opportunity for both mate choice and microgametophyte competition. Future experiments will address these gaps.
Despite these limitations, our confidence that differential pollen donor success occurs across a wide range of conditions in wild radish is increasing. We have illustrated nonrandom seed paternity with many sets of plants (Marshall and Ellstrand, 1986, 1988; Marshall, 1991 Marshall, , 1998 Marshall and Fuller, 1994) , we have shown that nonrandom seed paternity can occur in field as well as greenhouse plants (Marshall and Fuller, 1994) , and we have demonstrated that seed paternity can be unequal among pollen donors in both healthy and drought stressed plants (Marshall and Ellstrand, 1988) . More recently, we found that differential seed siring can be consistent across maternal plants and is not simply an artifact of the self incompatibility system (Marshall, 1998) . Our current results suggest that differential seed paternity can occur at pollen load sizes that are frequently achieved in field populations. Thus, selection during mating can likely occur in the field.
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